In this article the development of a medium frequency MnZn ferrite with low losses over a broad temperature range is described. This has been realized through optimization in the design of the unit cell lattice with the addition of the appropriate dopants. The addition of Tin (Sn) ions results to an increase of the specific resistivity. Consequently the power losses at medium frequencies, 500 kHz, are decreased. Cobalt (Co) ions possess opposite sign anisotropy constant of the host lattice. Their introduction compensates the already existing lattice anisotropy. As a result, the temperature dependence of the anisotropy constant of the host lattice decreases and this leads to an increase of the permeability and decrease of the power losses. The newly developed MnZn ferrite exhibits initial permeability of 1656 at 10 kHz, 0.1 mT, 25°C, power losses 783 mW cm -3 at 25°C and 656 mW cm -3 at 80°C, 500 kHz, 100 mT and is therefore ideal for applications where low losses with small dependency on the working temperature are demanded.
Introduction
Ceramic ferrimagnetic materials of the MnZn ferrite family form the most broadly known category of soft magnetic materials. They are polycrystalline materials, crystallized in the cubic structure similar to that of the mineral "spinel". Their magnetic properties arise from interactions between the magnetic dipoles of the metallic ions (i.e. Fe, Mn), that have uncompensated spin electrons and therefore net magnetic moments, occupying certain positions in relation to the oxygen ions in the crystal lattice 1 . MnZn ferrites find various applications in devices that can be basically characterized as inductors, transformers and absorbers and can be found almost in all broad consumption electric, electronic or telecommunication equipment, defence and automotive 2 . The development in MnZnferrite materials with tailored and optimized magnetic behaviour is, nowadays, driven by the developments in the previously mentioned applications. For energy efficiency reasons, new applications ask for the development of magnetic materials with low losses over broad temperature ranges. Converters in computing equipment and telecommunication, micro-inverters of photovoltaic systems, high power LED drivers for public lighting and automotive DC/DC converters in hybrid and electric vehicles are some of the above applications.
The final functional properties of MnZn ferrites are strongly dependent on both the basic chemical composition and the morphologic characteristics of the polycrystalline microstructure 3 . Besides the magnetic permeability which is a necessary property for the existence of a magnetic component, another important parameter for the operation of MnZn ferrite magnetic components is the magnitude of the electromagnetic power losses. The power losses express the amount of electromagnetic energy not being transformed inductively into useful energy but dissipated inside the material in the form of heat. The total power losses are the sum of the power losses due to different and often simultaneously taking place loss mechanisms (e.g. hysteresis losses, eddy current losses, resonance losses etc.) 4 . It is well recognized in the field of electroceramics that the nature and the amount of dopants is one of the most important operational parameters towards tailoring or improving product properties and performance 5 . In this work, the improvements and the reduction of losses over a broad temperature range were obtained through optimizations in the design of the antiferrimagnetic unit cell lattice. The effect of SnO 2 and Co 3 O 4 addition as dopants, on the magnetic properties of MnZn ferrites is described.
Materials and Methods
Eleven experimental syntheses (Table 1) The particle size of the milled powders was measured by laser scattering (Malvern Mastersizer-S, Malvern, United Kingdom) and their specific surface area was measured by the N 2 adsorptiondesorption technique using an Autosorb-1 (Quantachrome, Florida, USA) BET equipment. The granulated powders were shaped into toroidal specimens by uniaxial compaction at 700 kg cm -2 having density at 2.95±0.02 g cm -3 . Their internal diameter was 14 mm, the external diameter was 24 mm and the height was 9 mm. The compacted specimens were then sintered using a special constructed programmable kiln and following firing schedules and equilibrium oxygen partial pressure The magnetic properties were measured between 25 and 120°C using an impedance-gain analyzer (4284A, Agilent Technologies, Inc. Kobe, Japan) equipped with an oscilloscope (TDS 714L, Tektronix Inc., Beaverton, OR, USA), a power amplifier (Microtech 600, Crown International Inc., Elkhart, Indiana) and a frequency generator (33120A, Agilent Technologies Inc., Kobe, Japan) on specimens wound with copper to form inductors. X-ray diffraction analysis was performed with a Siemens D-500 Kristalloflex powder diffractometer. Uniaxially compacted rods of 12 mm diameter, 12 mm height and 2.95±0.02 g cm -3 density were used for thermomechanical analysis (Dilatometer 402 PC, Netzsch) up to 1200°C with heating rate of 5°C min -1 . The specific electric resistivity of the samples has been measured on half toroids with silver paste electrodes on the two free surfaces. Morphological investigations on chemically etched, polished and carbon coated cross sections of the sintered specimens were performed by Scanning Electron Microscope (SEM, JEOL 6300, Tokyo, Japan), while the average grain size has been determined by the Analysis image software (Soft Imaging System GmbH, Munster, Germany).
Results and Discussion
In Fig. 2 -right a typical X-ray pattern of all prefired powders is shown. They were identified to contain the same oxides Fe 2 O 3 , a spinel phase which is rich in zinc ferrite ZnFe 2 O 4 and Mn 2 O 3 . After the milling the average particle size (d 50 ) of all examined powders was 0.70-0.80 m and the specific surface area was 2.5-2.7 m 2 g -1 . All the powders before the sintering can be considered as comparable, so that their X-ray pattern, average particle size and specific surface area cannot account for eventual differences in the magnetic behavior of the final specimens.
Initially, the effect of SnO 2 addition was examined. The sintered density of the sintered toroids of batches 1-6 was calculated and was found to be 4.80±0.01 g cm -3 for all of them, meaning that the final densities of the batches with different amounts of SnO 2 were, within experimental error, comparable. Additionally, it was found that in all cases the final ferrite material consisted of a single spinel phase. The XRD patterns ( The initial permeability ( i ) at measuring conditions of 10 kHz, 0.1 mT, 25°C, the power losses (P v ) at 500 kHz-100 mT, 500 kHz-50 mT and 400 kHz-50 mT of the toroids of batches 1-6 were evaluated. The initial permeability of the batch 1 was 1316, while the highest permeability 1536 was received in the case of batch 4. In Fig. 3 -left, the power losses at 500 kHz, 100 mT as a function of temperature for batches without (batch 1) and with SnO 2 (batches 2-5) are given. It is obvious, that the increase of SnO 2 resulted progressively to lower losses during the whole temperature range. The lowest values of P v were received for batch 4 which contained 2250 ppm SnO 2 . The reference batch 1 gave 850 mW cm -3 at 500 kHz, 100 mT, 80°C, while batch 4 had 726 mW cm -3 at 500 kHz, 100 mT, 80°C. Thus, 15% reduction of the losses, at the temperature where the losses reached the minimum (80°C), was achieved with the addition of 2250 ppm SnO 2 . Further increase of SnO 2 , batch 5 and 6 resulted to higher losses. Similar results are also shown in Fig. 4 for losses at 500 kHz-50 mT and 400 kHz-50 mT. There, the addition of 2250 ppm SnO 2 led to an improvement by 18% and 17% respectively. In Fig. 3 -right, the specific resistivity of the sintered samples, measured within a range between DC and 1 MHz is shown. It is evident that the decrease of the losses can be mainly attributed to the increase of resistivity ( ). It is known that in the case of high frequency ferrites operating at frequencies up to 500 kHz, the "eddy current losses" dominate the total losses 8 . They depend strongly on the resistivity of the grain boundaries which can be adjusted by the addition of dopants 9 . As generally accepted, the specific resistivity of the grain boundaries is best represented by the low frequency resistivity of the polycrystalline system. Higher resistivity results to the decrease of eddy current losses. As shown in Fig. 3 -right, the specific resistivity of Sn-doped MnZn ferrites increased. The low frequency resistivity of the reference batch was 10.8 m, while for batch 2 was 13.5 m and for batch 3 17.7 m. The maximum resistivity was reached for batch 4, when 2250 ppm SnO 2 were added. For that sintered ring the resistivity was 20.4 m, almost twice as high as this of the reference batch 1. In addition, it was found that the specific resistivity decreased again for higher amount of SnO 2 (batch 5-6). This result is in agreement with the corresponding increase of the power losses at high amounts of SnO 2 . The main part of Sn 4+ (that added to the MnZn ferrite) exists on grain boundaries, forms mixed oxides with other elements and increases the specific resistivity, but also dissolves into the spinel lattice during sintering, induces an excess amount of Fe 2+ and forms stable Fe 2+ -Sn 4+ pairs. 10 Fe 2+ ions and Sn 4+ ions in spinel lattice tend to occupy octahedral sites. The increase of resistivity with the addition of SnO 2 , can be explained by Verwey's hopping mechanism 11 . According to that mechanism, the electrical conduction in ferrites is mainly due to electron hopping between the ions of the same element but of different valence states present at the octahedral or B 12 . These pairs do not take place in the electron hopping and then the electrical resistivity increases. The eddy current losses (P e ) are proportional to the square of average grain size (D) and inversely proportional to the electric resistivity ( ), according to the type (P e D 2 / ) 13 . Consequently, the addition of 2250 ppm of SnO 2 in batch 4 resulted to the increase of resistivity ( ) and therefore to the decrease of losses (P v ) at 500 kHz and 100 mT. Based on the above presented results, batch 4 with 2250 ppm SnO 2 was selected as the reference batch for the following experiments. The effect of Co 3 O 4 addition on magnetic properties was especially evaluated. First, the final density of all sintered toroids from all batches (4, 7-11) was measured. These measurements showed that the addition of cobalt oxide did not affect the final density of the products and that in all cases they were comparable at 4.81±0.01 g cm -3 . The thermomechanical analysis of the above batches verified the previous conclusion. All batches gave the same densification and shrinkage (~13%), as shown in Fig. 5 -right. Additionally, some selected specimens containing several amounts of Co 3 O 4 were prepared for SEM analysis (Fig. 6) . The grain size distribution analysis that followed, indicated that the mean grain diameters remained unaffected. More specific, the mean grain diameter was 4.74±0.3 m in the case of batch 4, 4.68±0.3 m for batch 9 and 4.77±0.3 m in the case of batch 11. It is evident that the addition of cobalt oxide didn't affect the mean grain size of the examined samples. The evaluation of Co 3 O 4 doping on the magnetic properties of the sintered specimens of all batches was then followed. The highest initial permeability and the lowest losses were obtained for batch 9, while further increase of Co 3 O 4 (batches 10 and 11) resulted to lower permeability and higher losses. Regarding the P v at 500 kHz, 100 mT, 25°C, they were decreasing from 1042 to 783 mW cm -3 (~25% reduction) and at 80°C from 726 to 656 mW cm -3 (~10% reduction) with the addition of 2000 ppm Co 3 O 4 (batch 9). The power losses at 500 kHz, 100 mT of batches 4, 7, 8 and 9 are shown in Fig. 7 left. It is obvious that the reduction of losses due to the Co 3 O 4 addition is higher at the two edges of the curve (25 and 120°C), resulting to a MnZn ferrite with low losses over a broad temperature range. In Table 2 the difference in losses between 25 and 80°C with the increase of cobalt oxide is given. The addition of 2000 ppm Co 3 O 4 resulted to a material which had losses not strongly dependent from the temperature (small difference in losses between 25 and 80°C). It was also found that further increase of Co 3 O 4 (batches 10 and 11 with 2500 and 3000 ppm respectively) caused higher power losses and lower permeability than batch 9 (with 2000 ppm Co 3 O 4 ). Regarding the permeability of batches 4 and 9, they are shown in Fig. 7 -right. As found, on the one hand, the initial permeability was increasing from 1536 to 1656 (8% increase) when 2000 ppm Co 3 O 4 were added, while on the other hand, the difference in permeability between 25 and 120°C (Table 2) is lower with the addition of 2000 ppm Co 3 O 4 , resulting to a MnZn ferrite the permeability of which was not so much dependent on the temperature. This was a direct result of the positive anisotropy introduced by Cobalt 14 . 4  0  1042  726  316  1536  2014  478  7  500  1004  706  298  1583  1967  384  8  1000  911  693  218  1624  1908  284  9  2000  783  656  126  1656  1861  205  Table 2 : Power losses at 500 kHz, 100 mT and permeability at selected temperatures. Co 3 O 4 addition resulted to a material the magnetic properties of which are not strongly dependent on the temperature
The observed decrease of losses and the increase of permeability when cobalt oxide was added could be explained with the effect of cobalt on anisotropy. In case of sinterings under atmosphere with low oxygen partial pressures, a part of cobalt is Co 2+ , while there is also Co 3+ . Co 2+ ions have a tendency to enter into B-sites. 15 The large contribution to the anisotropy comes from Co 2+ ions that occupy the octahedral sites (B-sites). 16, 17 It is known 18 that there is a direct relation between the magnetic permeability ( i ) and the magnetocrystalline anisotropy constant (K 1 ) of the cubic crystal system of the ferrite. This constant represents the resistance of the energy barriers that the magnetic dipoles must overcome in order to leave their initial orientation and be aligned with the direction of the externally applied field and also depends on the interactions between the ions that occupy the various lattice sites. Fig. 8 shows the effect of cobalt oxide addition on the anisotropy constant (K 1 ) and permeability. When cobalt ions are inserted in the MnZn ferrite (case 2 of Fig. 8 ) 19 , they contribute positively to the total anisotropy, the orientation of the magnetic dipoles to favorable directions of the external magnetic field is easier and as a result the magnetic permeability ( i ) increases and subsequently the power losses (P v ) become lower. At this figure (Fig. 8 ) a very flat permeabilitytemperature curve can be distinguished for certain combination of iron and cobalt ions. At this region, MnZn ferrites with almost unchangeable permeability and losses over a broad temperature range could be received. It is evident that further increase of cobalt ions (case 3 of Fig. 8 ) shifts the anisotropy constant to higher temperatures, the received flatness of the above curves is destroyed, the permeability becomes lower and the losses higher. The increased losses of batches 10 and 11 could be attributed to that phenomenon. 25°C  25°C  80°C  100°C  25°C  80°C  100°C  25°C  80°C  100°C  1  1316  1224  850  962  210  121  138  162  76  86  9  1656  783  656  704  132  95  104  92  57  61  ± %  26  36  23  27  37  21  25  43  25  29  Table 3 : Comparison of the magnetic properties of the starting reference batch 1 and the final best performing batch 9, after the addition of SnO 2 and Co 3 O 4
The magnetic properties of the starting reference batch 1 and the best performing batch 9 are presented in Table 3 . The % improvement of permeability and power losses at the whole temperature range is also shown. It is clear that the addition of appropriate amounts of SnO 2 and Co 3 O 4 in the reference batch not only gave a MnZn ferrite with lower losses and higher permeability, but it also resulted to the development of a material the above properties of which remained relatively steady with the change of working temperature.
Conclusions
A new magnetic material for medium frequency applications, with high initial permeability ( i ) and low losses (P v ) over a broad temperature range has been developed. In this work the effect of SnO 2 and Co 3 O 4 addition has been investigated. It was found that their addition as dopants favoured the magnetic properties of the examined MnZn ferrites. The insertion of 2250 ppm of SnO 2 increased the specific resistivity ( ), decreased the eddy current losses and as a result minimized the total losses. Additionally, the insertion of 2000 ppm of Co 3 O 4 changed the temperature dependence of the anisotropy constant of the host lattice and consequently leaded to the increase of permeability and further decrease of losses. The final effect on the magnetic properties was almost 23% improvement of the total power losses (at 500 kHz, 100 mT) at the temperature where they reached the minimum, while the initial permeability was increased by 26%. In addition, both of them are less independent from the working temperature. The newly developed MnZn ferrite exhibits initial permeability ( i ) of 1656 at 10 kHz, 0.1 mT, 25°C, power losses (P v ) 783 mW cm -3 at 25°C and 656 mW cm -3 at 80°C, 500 kHz, 100 mT.
